Glycerol-passivated 3C-SiC nanocrystal (NC) solid films with tunable blue photoluminescence show abnormal longitudinal optical (LO) phonon behavior. As the NC size increases, the LO phonon intensity increases in the Raman spectra of the solid films and is even larger than that of the transverse optical mode. The Raman spectra cannot be fitted by using only the phonon confinement model. When further considering the coupling between the LO phonon and plasmon induced by the surface deformation potential in the glycerol layer, good agreement is achieved between the experiments and theory. This indicates that the coupled LO phonon-plasmon effect arising from the surface bonding structure plays a crucial role in the modified LO phonon behavior. © 2010 Optical Society of America OCIS codes: 160.2540, 290.5860.
Silicon carbide (SiC) is one of the most attractive nanostructures owing to its potential applications in semiconductor technologies and biophysics [1] [2] [3] [4] . Recently, various types of SiC nanostructures with different morphologies have been synthesized [5] [6] [7] [8] [9] [10] [11] [12] and the associated phonon properties have been investigated [13, 14] . The variations in phonon frequency and damping (linewidth) observed from many Raman spectra are believed to arise from quantum confinement and the bond-angle distortion induced by the local strain in the imperfect microstructure [15, 16] . In fact, the complicated surface structures of SiC nanocrystals (NCs) affect the phonon properties.
Previously in some Raman studies on different types of SiC nanostructures, the transverse optical (TO) mode intensity is higher than that of the longitudinal optical (LO) mode [11, 16] . This phenomenon is mainly ascribed to the suppression effect on the LO mode as a result of the imperfect microstructure or surrounding disordered atoms [17] . However, experiments have disclosed that the LO mode intensity is higher than that of the TO mode. This phenomenon has been explained by quantum confinement or defects induced by the inner stress during the NC growth [18] , but the intensity and damping variation mechanisms associated with the TO and LO modes are not clearly understood [19, 20] . In this Letter, we fabricate a 3C-SiC NC solid film with tunable blue emission. The NC surfaces are passivated with a thin glycerol layer. The intensity of the LO mode is far higher than that of the TO mode, and the origin is determined by considering the coupling between the LO phonon and plasmon.
The preparation of the 3C-SiC NCs and glycerol-passivated 3C-SiC solid films has been described previously [9, 10] . Transmission electron microscopy [(TEM) JEOL JEM-2100] and x-ray photoelectron spectroscopy (XPS) were conducted to analyze the film samples [9] [10] [11] . The Raman spectra are obtained on a T64000 triple Raman system at a backscattering geometry using the 514:5 nm line of an Ar-ion laser as the excitation source. The diameter of the beam spot is 5 μm, and the power illuminating the sample is 5 mW. The resolution of the spectrometer is 0:1 cm −1 . Figure 1 (a) depicts the TEM image of the glycerolpassivated 3C--SiC NCs, which are almost spherical thanks to surface-free energy minimization. The diameters of most of the NCs are in between 2.0 and 6:5 nm, although some NCs are larger than 10 nm (see circles). Figure 1 (b) exhibits the high-resolution TEM image of two representative NCs with the lattice fringes corresponding to the f111g and f200g planes of 3C-SiC. The C 1 s core-level XPS spectrum acquired from the glycerol-absorbed 3C-SiC NC film on a silver thin film is shown in Fig. 1 (c). The strongest peak at 283:1 eV can be ascribed to the SiC component [21, 22] , and the two shoulders on the high-energy side at 284.6 and 286:4 eV correspond to CH n and O-CH 3 [23] , respectively. The strong shoulder peak (denoted as CS) on the low-energy side at 280:8 eV is related to alkoxide [24] . The XPS results indicate that the NC surfaces are indeed bonded to glycerol molecules [10] . Raman spectra acquired from the nonpassivated and passivated NCs with small and large sizes and from 941.6 to 964:8 cm −1 , respectively. This behavior can be explained by the larger NC size. If the NC size is larger than 15 nm [region 1 in Fig. 1(a) ], the TO and LO modes further upshift to 797.0 and 972:6 cm −1 [spectrum (c)], respectively. These Raman peak positions approach those of bulk 3C--SiC. However, it is surprising that in spectrum (c), the TO mode intensity is evidently lower but the LO mode intensity is significantly enhanced and even far larger than that of the TO mode. This LO mode behavior has been rarely observed from previous Raman spectra [11, 16, 17] . Generally, the LO mode intensity is always smaller than that of the TO mode. This result indicates that the influence of surface passivation on the LO mode property is strongly NC size dependent. In addition, the weak Raman peak (marked as S) at 695:4 cm −1 is probably related to amorphous SiC [14] .
According to the phonon-confinement model proposed by Campbell and Fauchet [25] , a smaller NC size and larger disorder cause progressive relaxation of q ¼ 0 in the selection rule, and the optical phonons at q ≠ 0 also contribute to Raman scattering. This leads to a downshift and broadening in the Raman spectra. Here, the lineshape of the first-order Raman spectrum is calculated by [25] IðωÞ ∝
where q is expressed in units of 2π=a 0 and a 0 is the 3C-SiC lattice constant. The parameter Γ 0 is the FWHM of the Raman peak of the TO (LO) phonon of bulk crystalline 3C-SiC, and ωðqÞ describes the phonon dispersion in the Brillouin zone along the f111g direction in bulk crystalline 3C-SiC [26] . In Fig. 3 , we show the calculated Raman spectra of NCs with different diameters D of 5, 6, 8, 10, and 15 nm. The Raman spectrum of a 50 nm NC is shown in the inset. The TO phonon peak of a small NC shows a small position change, but the LO phonon peak exhibits an obvious downshift and asymmetrical broadening. According to the calculated Raman lineshape, it can be inferred that as the NC size increases, the relative intensity of the LO mode increases, gradually approaching the TO mode intensity. This is understandable because the energy change of the LO phonon in the whole Brillouin zone is four times greater than that of the TO phonon. The LO phonon scattering can therefore be spread out over a much larger range of frequencies by varying the NC size. Meanwhile, the LO phonon is affected by the size confinement effect more than the TO phonon. Hence, it is logical that the LO mode intensity can be enhanced significantly as the NC becomes larger. When the NC is larger than 10 nm [13] , the amorphous composition effect on the LO mode lineshape becomes weaker. If we consider only the size effect, the LO mode intensity should still be smaller than the TO mode intensity.
By considering the deformation potential in the surface layer caused by the electro-optic mechanism, the Raman spectrum can be calculated by [27, 28] where the Faust-Henry coefficient C FH has been modified into
which depends on the TO and LO mode frequencies ω Tm and ω Lm and the high-frequency dielectric constant ε ∞m of the sphere-medium surface layer (here ε ∞m is related to the glycerol-bonded surface layer and NC size [17] ).
TO Þ, and the total dielectric function εðωÞ is considered to be due to contributions from phonons and plasmons:
Here ω p is the plasma frequency, χ ph is the free-carrier susceptibility, χ fc is the ionic susceptibility, ω LO and ω TO are the LO and TO phonon frequencies, and Γ and γ are the phonon and plasmon damping constants, respectively. In the calculation, ω TO ¼ 797:
, and γ ¼ 67 cm −1 [19, 20] . Γ and C are adjustable parameters related to the deformation potential induced by glycerol-passivated surface layer and the lattice imperfection near the surface. By considering the coupled LO phonon-plasmon effect, the measured Raman spectra of the glycerolpassivated NCs can be fitted well with Γ ¼ 80 cm −1 , C ¼ 5:68 for spectrum 2(c) and Γ ¼ 30 cm −1 , C ¼ 0:98 for spectrum 2(b). This result is understandable because larger NCs have better crystalline structure and thus a stronger LO phonon-plasmon coupling (larger Γ and C values). Consequently, the LO mode behavior can be inferred to arise from the combination of quantum confinement and the coupled LO phonon-plasmon effect induced by the glycerol-passivated surface layer.
In conclusion, we have revealed that when the glycerol-passivated 3C-SiC NCs are small (<10 nm), the quantum confinement effect dominates the LO phonon scattering and the coupled LO phonon-plasmon effects are correspondingly negligible. Hence, the Raman spectra of small SiC nanostructures always show smaller LO mode intensities. When the NCs are larger than 10 nm, the two effects must be considered together. This leads to the largely enhanced LO phonon intensity.
